protein complex with the NogoB receptor and becomes active in dolichol biosynthetic pathway 1 0 3 (Harrison et al., 2011) . Similar complexes comprised of CPT and its binding protein homolog 1 0 4 were also found in lettuce, tomato, and Arabidopsis for dehydrdolichyl diphosphate biosynthesis 1 0 5 (Brasher et al., 2015; Qu et al., 2015; Kwon et al., 2016) . The CPT binding proteins, including 1 3 8 (Ponciano et al., 2018) , and utilization of its biomass via bio-refinery process has been studied 1 3 9 (Orts et al, 2016) . Isolated rubber particles from guayule have been used for biochemical studies 1 4 0 (Cornish and Siler, 1995) , but guayule CPT and CBP have not been investigated at the molecular 1 4 1 level.
4 2
In this work, CPT and CBP homologs were identified from guayule, followed by the 1 4 3 investigation of their biochemical activities, interactions, and expression patterns. In addition, the 1 4 4 findings from the guayule CPT and CBP studies are discussed in the context of the current 1 4 5 knowledge of NR biosynthesis. Guayule plant seeds (PI478663) were obtained from the U.S. Department of Agriculture 1 5 0 (USDA). Seeds were soaked in fresh water for 4 days before germination, and potted to a 1 5 1 mixture of 35% autoclaved sands and 65% potting soil. The germinated plants were grown in a Two months old guayule plants were ground in liquid nitrogen using mortar and pestle, and 100 1 5 6 mg of powder was mixed with 1 mL of Trizol (Invitrogen), and total RNA was extracted 1 5 7 according to the manufacturer's protocol. First strand synthesis of cDNA was performed using 1 1 5 8 µg of the extracted RNA (leaf and stem) as template, combined with the M-MuLV reverse 1 5 9 transcriptase (NEB) and anchored oligo dT 22 (IDT). The synthesis of cDNA was performed Details of yeast complementation, in vitro enzyme assay, and reverse-phase thin layer 1 6 9 chromatography were previously described (Kwon et al., 2016) . PaCPT1-3 were amplified using 1 7 0 primers 3/4, 5/6 or 7/8, respectively, and the amplicons were cloned into p414-GPD using 1 7 1 SpeI/SalI, SpeI/XhoI or BamHI/ClaI sites, respectively. PaCBP was cloned into p415-GPD 1 7 2 using SpeI/XhoI sites. The cloned vectors were introduced to a yeast strain deficient in both 1 7 3 copies of CPTs, rer2Δ::HIS3 srt1Δ::KanMX [pRS316-RER2], described in Kwon et al. (2016) . This strain is referred to as rer2Δ srt1Δ hereafter, and Ro lab yeast stock number is ROY13. MYTH assays were performed according to the published methods (Gisler et al., 2008; Snider et 1 7 8 al., 2010) . The bait plasmid (PaCBP-Cub-LexA-VP16) was generated by ligating the PaCBP 1 7 9 amplified with primers 9/10 into pAMBVα using StuI/NcoI sites. For the prey plasmids, constructs. The bait and prey plasmid pair was co-transformed into the Y2H reporter yeast strain, 1 8 5 THY.AP4. The control prey vectors pOST1-NubG and pOST1-NubI were also co-transformed 1 8 6 with the bait vector. Individual transformed-yeast colonies were cultured in 30°C overnight, and 1 8 7 the cells were spotted on SC-Leu-Trp (SC-LT) and on SC-Leu-Trp-Ade-His (SC-LTAH) 1 8 8 containing 3-amino-1,2,4-triazole (3-AT) at concentrations of 5, 10, or 25 mM. Spotted plates 1 8 9 were incubated for 3 days at 30°C to observe cell growth. The strength of protein interactions was quantified using ß-galactosidase assay with O-1 9 1 nitrophenyl-β-D-galactoside (ONPG) as the substrate. From SC-LTAH selection plates, the 1 9 2 positive colonies were cultured overnight in SC-LTAH medium without 3-AT. Cells from the 1 9 3 overnight culture were inoculated to 4 mL of SC-LTAH medium and cultured for 5 hours. The cells were harvested at 9,000 × g for 3 min at 4 °C and resuspended in 1 mL of Z buffer (60 mM incubated for 5 min at 28 °C. The reaction was initiated by adding 0.2 mL of ONPG (4 mg mL -1 1 9 8 in Z buffer) and terminated by the addition of 1 M of Na 2 CO 3 . The mixture was centrifuged at 1 9 9 20,000 × g for 10 min, and the absorbance at 420 nm and 550 nm were measured to determine 2 0 0 the Miller units (Miller, 1972) . DNA constructs for in vitro translation were cloned into pT7CFE1-3xFLAG (constructed using 2 0 4 pT7CFE1-NHa) for PaCPT1-3 and pT7CFE1-NHa (ThermoFisher Scientific) for PaCBP. 2 0 5 pT7CFE1-3xFLAG was generated by replacing HA tag in pT7CFE1-NHa with 3xFLAG. The and XhoI sites in pT7CFE1-3xFLAG. PaCPT3 was amplified from P. argentatum leaf cDNA 2 1 2 using a primer set, 27/28. The PaCPT3 PCR product was cloned into pT7CFE1-3xFLAG via 2 1 3
BamHI and XhoI restriction sites. Synthetic PaCBP (GenScript, NJ, USA) was amplified using a 2 1 4 primer set 29/30 and digested with BamHI and XhoI, followed by ligation to corresponding sites 2 1 5 in pT7CFE1-NHa. A control construct, pT7CFE1-NHa-GFP for co-immunoprecipitation 2 1 6 described below, was generated by cloning GFP sequence into pT7CFE1-NHa. GFP was 2 1 7 amplified from pCFE-GFP (ThermoFisher Scientific) using a primer set 31/32, containing 2 1 8
BamHI and XhoI, respectively, followed by ligation to corresponding sites in pT7CFE1-NHa. The purified plasmid preparations of all IVT constructs were cleaned up further by ethanol 2 2 0 precipitation, followed by resuspension in nuclease-free water to a concentration of 500 ng μL -1 2 2 1 prior to IVT. IVT was carried out using 1-Step Human Coupled IVT Kit (ThermoFisher 2 2 2 Scientific), following the manufacturer's procedure except for reducing the reaction to half of the 2 2 3 recommended amounts. Immediately following incubation of the IVT reaction mixture at 30 °C 2 2 4 for 4 hours, 1 μL of the 12.5 μL IVT mixture was saved as input for Western blotting by adding 2 2 5 SDS-PAGE loading buffer and storage in -20 °C until use. The remaining IVT mixture was used 2 2 6 immediately for immunoprecipitation as described below. 
Co-immunoprecipitation of PaCPT1-3 and PaCBP
For pre-binding of protein G magnetic beads (NEB, ON, Canada) to monoclonal mouse anti-2 3 0 FLAG M2 antibody (Sigma, ON, Canada) or monoclonal rat anti-HA 3F10 antibody (Roche, 2 3 1 Quebec, Canada), for each co-immunoprecipitation reaction, 10 μ L of the bead suspension was Labquake TM Tube Rotator. The separation of magnetic beads from solution was achieved by 2 3 6 applying magnetic field for 30 seconds on a magnetic stand. To remove unbound antibody, the 2 3 7 antibody-immobilized beads were washed (invert 5 times/vortex 5 sec) three times, each in 100 Triton X-100, 0.5% NP-40, 1 mM PMSF). The immobilized beads were resuspended in 500 μ L 2 4 0 of cold IP buffer, followed by addition of the 11.5 μ L of the completed IVT reaction mixture. antibodies. After bringing the eluted mixture to room temperature, the mixture was spun down 2 4 9 by a brief centrifugation, followed by transfer of the eluate while on a magnetic stand. Half of 2 5 0 the eluate was used to run 12% SDS-PAGE followed by Western blotting with mouse anti- and Western blotting with anti-FLAG and anti-HA antibodies. SDS-PAGE gel was transferred to 2 5 4 PVDF membrane using a Tris-glycine-methanol buffer system, and the antibody hybridization was performed in 5% skim milk TBST (5% skim milk, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, at 4 °C. HRP-conjugated anti-mouse and anti-rat secondary antibodies were also hybridized in 2 5 8 5% skim milk TBST at 1:10,000 at room temperature for 1 hour.
DNAase using the Turbo DNA-free kit (Ambion) and further purified using RNeasy column with a quality score below Q30. Miseq and Hiseq reads were pooled for transcriptome assembly 2 7 8 and differential gene expression analysis. The transcriptome was assembled using Trinity 2 7 9 assembler version 2.04 set to minimum Kmer coverage of 2 (Haas et al., 2013) . The initial 2 8 0 transcriptome assembly was filtered using a utility included within the Trinity package to 2 8 1 eliminate transcript isoforms with low abundance and low coverage. Differential gene 2 8 2 expression analysis was performed using EdgeR (Robinson et al., 2010) . The assembly data are 2 8 3 available in the NCBI short read archive under submission number SRP107961. Most cultivated guayule (Parthenium argentatum) plants for NR production are polyploidy, but 2 8 8 the guayule transcriptome assembly from the diploid accession PI478640 is publicly available 2 8 9 (Hodgins et al., 2014) . This data set was retrieved and used in this work as diploid plant makes CPTs, a phylogenetic tree was reconstructed using the deduced amino acid sequences from In the phylogenetic analysis, all three PaCPTs belong to the cytosolic/ER clade II CPT. dehydrodolichyl (Brasher et al., 2015; Qu et al., 2015; Kwon et al., 2016) . On the other hand, have implications in NR biosynthesis (Post et al., 2012; Qu et al., 2015) . This phylogenetic tree can be inferred from these results that PaCPT1 is likely to be involved in the dolichol The phylogenetic tree for CBPs was also constructed. CBP is exclusively found in artichoke. Thus, the CBP gene duplication event likely occurred prior to the divergence of the 3 2 7 two sub-families and the advent of laticifer in Cichorioideae subfamily. In addition to the split-ubiquitin Y2H approach, PaCPT1-3 and PaCBP interaction were FLAG or HA antibody ( Figure 5A/B, Input) . Incubation of FLAG-antibody immobilized 4 1 9 magnetic beads resulted in the co-IP of FLAG-PaCPTs with HA-PaCBP as detected by FLAG-4 2 0 antibody and HA-antibody immunoblotting, respectively, while HA-GFP control protein could 4 2 1 not be pulled down by FLAG-PaCPT2. (Figure 5A) . Similarly, immunoprecipitation with HA- while HA-GFP protein could not pull-down FLAG-PaCPT2. (Figure 5B ). These results showed are publicly accessible at NCBI (short read archive number: SRP107961). Using these data, we formation of protein complexes, we were not able to find biochemical evidence that cis-5 0 2 polyisoprenes, longer than dehydrodolichol (dephosphorylated form of dehydrodolichyl ( Figure 3A) . Although speculative, some other proteins or cofactors, energy sources for It was reported that a recombinant rubber tree CPT (HRT1) or a lettuce CPT (LsCPT3) 5 1 0 alone without the respective recombinant CBP was sufficient to synthesize NR with average ~1 5 1 1 million Da Mw, when expressed in (or reconstituted with) the washed rubber particles isolated 5 1 2 from the rubber tree (Asawatreratanakul et al., 2003; Yamashita et al., 2016) . To date, these two complicates the interpretation of the in vitro data. In addition, both reports showed no need of 5 1 7 externally supplied rubber tree CBP or lettuce CBP for NR biosynthesis despite of their in planta 5 1 8
interaction (Qu et al., 2015; Yamashita et al., 2016) . Furthermore, these results contradict the in 5 1 9 vivo CBP silencing evidence in lettuce and dandelion, which independently demonstrated the 5 2 0 absolute necessity of CBP for NR biosynthesis (Epping et al., 2015; Qu et al., 2015) . The 5 2 1 discrepancy of the data cannot be easily resolved unless the rubber tree and lettuce/dandelion whether NR formation is catalyzed by the same or distinct mechanism in the rubber tree 5 2 4 (Euphorbiaceae family) and other NR-producing plants (e.g., Asteraceae family; lettuce, 5 2 5 dandelion, guayule, and sunflower). In summary, three PaCPTs and one PaCBP cDNAs were identified from guayule in this 5 2 7 work, and protein-protein interactions between PaCPTs and PaCBP have been substantiated by 5 2 8 rer2Δ srt1Δ yeast complementation assays, split ubiquitin yeast 2-hybrid assays, and co- directed towards PaCPT3 and its binding partner, PaCBP to increase NR yield in guayule. We thank Professor Igor Stagljar (University of Toronto, Canada) for providing the split 5 3 8 ubiquitin membrane yeast 2-hybrid system. This work was supported by the National Science and tomato CPTs (SlCPT1-7) were numbered according to the published articles (Kera et al., 2012; Akhtar et al., 2013) .
Figure 2. Complementation of rer2Δ srt1Δ yeast by PaCPT1-3 and PaCBP
The yeast strain, rer2Δ srt1Δ is lethal but is maintained by expressing RER2 in URA-selectable plasmid. This strain was used to transform plasmids expressing each PaCPT1-3 and PaCBP. The successful transformants were streaked on 5FOA selection plates to remove RER2 containing URA-plasmid. Yeast growth in 5FOA selection was observed only by PaCPT/PaCBP pairs or by retransformed RER2 in TRP-plasmid. No growth was observed when PaCPT alone or PaCBP alone was expressed.
Figure 3. Isoprene product separations by reverse phase thin layer chromatography
Microsomes were prepared from the yeast strains selected on 5FOA in Figure 2 , and in vitro enzyme assays were performed using the microsomes and 14 C-isopentenyl diphosphate, followed by RP-TLC of extracted cis-polyisoprene products and phosphorimager analysis. A) The cispolyisoprene product profiles are identical between different PaCPT/PaCBP pairs. B) Dehydrodolichol products from PaCPT/PaCBP are slightly shorter than those from the RER2containing microsomes. RER2 dehydrodolichol products range in sizes of C70 -C90. 
